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Abstract. Thermal stratification experienced in irrigation ponds leads to intensification of agricultural
pollution events due to hypolimnetic oxygen depletion. In this study, stratification in a small pond in
western Turkey was investigated. Pond bathymetry was determined with a combination of an Acoustic
Doppler Current Profiler (ADCP) equipment measurement and field study using Real Time Kinematic
GPS (RTK GPS) equipment. The Relative Thermal Resistance to Mixing (RTRM) index and 2-
dimensional hydrologic model CE-QUAL-W2 was utilized to characterize the stratification structure.
Based on these monitoring results, the temperature profile was constructed. The pond volume was found
to be occupied by 60% with the epilimnion, 20% metalimnion and 20% hypolimnion. The model was
calibrated with monitoring data from 2013 and validated with data from 2014. It was determined that the
pond was monomictic. The pond was modeled with CE-QUAL-W?2 and the dates of stratification, the
temperature and dissolved oxygen profiles were simulated with absolute mean errors of 0.77 °C for
temperature and 1.09 mgO,/L for dissolved oxygen. Different irrigation and meteorological scenarios
were examined to predict pond volumes and temperatures till 2020. As a result of scenario
implementations, drip irrigation practices were found to be the best management application for the
sustainable management of the pond.

Keywords: 2D modeling, relative thermal resistance to mixing (RTRM), thermal stratification,
forecasting, scenario implementation

Introduction

Temperature is one of the most important physical property of water bodies as it
affects density, vapor pressure, viscosity, dissolved oxygen concentration and chemical
and biological reaction kinetics. Heating of natural bodies by solar radiation and
atmospheric temperatures from the surface down to the deeper parts results in different
water densities at different depths and hence to thermal stratification (Chapra, 1997).
Stratification can affect many important water quality parameters adversely, foremost
the dissolved oxygen. Stratification prevents the transfer of oxygen to the hypolimnion
layer. Moreover, due to anoxic conditions prevailing in the deeper layers, the solubility
of phosphorus and iron increase and especially phosphorus is released to the water
column in overturning periods, thus leading to algal blooms (Salonen et al., 1999).
Decreased oxygen levels due to stratification also affect fish populations and diversity
adversely. Therefore, stratification is a phenomenon that needs careful consideration in
the study of standing water bodies.
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There are several studies concerning stratification in water bodies which are directed
to different aims using a variety of methods. A major portion of these studies is related
to the determination of the stratification structure, its evolution and assessment (Birge,
1910; Kindle, 1929; Lap et al., 2009). Some studies are concerned with the relationship
of the geological properties of the region with stratification (Chapman et al., 1998).
Other deal with the effects of surface heat exchange and wind parameters on
stratification (Churchill and Kerfoot, 2007). Studies about the timing of stratification
and the determination of the lake number which is used to identity the different layers
are also widespread (Elci, 2008; Song et al., 2013; Branco and Torgersen, 2009). In
Turkey, there are studies about the relationship of stratification with water quality
parameters (Elci, 2008; Gunduz et al., 1998; Erturk et al., 2008; Caliskan and Elci,
2009; Alpaslan et al., 2012). Reservoirs are multi-purpose deep waterbodies and water
temperature and dissolved oxygen status are very important. Due to improper practices,
climate change effects and drought conditions may result in reduced hypolimnetic
volumes, anoxic conditions and algal blooms. (Hudson and Vandergucht, 2015). Zhang
et al. (2015) stated that dissolved oxygen profiles are directly linked with the water
temperature depth profiles in reservoirs. Also increases in the daily mean air
temperatures may cause a decrease of the oxycline depth, respectively expediting
oxygen stratification and diminishing water quality.

The literature also contains studies concerning the modeling of stratification coupled
with water quality. The foundation for such studies were one-dimensional models of
stratification (Babajimopoulos and Papadopoulos, 1986; Rice et al., 1989; Bell et al.,
2006; Spigel et al., 2005; Dueri et al., 2009). 2-D mathematical models were employed
to more accurately represent the thermal stratification structure. 3-D models based on 3-
D hydrodynamical formulations were also attempted (Hassan et al., 1998; Li et al.,
2010; Bocaniov et al., 2014). Because reservoirs usually have a deep water column,
thermal stratification and dissolved oxygen conditions are more common than in
shallow lakes. For this reason, reservoir thermal and oxygen stratification structures
were modeled in different studies (Kuo et al., 2006; Bonnet and Poulin, 2004; Lindim et
al., 2011; Kerimoglu and Rinke, 2013)

Studies conducted using CE-QUAL-W2 are widespread in literature. Cole (2000)
reviewed temperature models of reservoirs with CE-QUAL-W?2 and presented results of
these studies. Besides modeling temperature and water quality parameters, they also
created several scenarios on how to increase the trophic status of the reservoir from
eutrophic to oligotrophic. Berger et al. (2005) modeled temperature in Lake Laurance
and presented aspects of hydrodynamical and temperature calibration. They also created
scenarios to determine how the outflow temperatures changed accordingly. Kim and
Kim (2006) modeled temperature changes in Lake Soyang with CE-QUAL-W2 model.
Data from 1996 was used for calibration and data from the 1995-2005 period for
validation. Kuo et al. (2006) repeated their studies for the Te-Chi ve Tseng-Wen
reservoirs with CE-QUAL-W?2 to improve the trophic status. Williams (2007) modeled
Lake Powell with CE-QUAL-W2 water temperature and water quality parameters.
Stansbury et al. (2008) modeled Lake Ogallala with respect to dissolved oxygen again
with CE-QUAL-W2 to determine its sources and consumes. Batick (2011) reviewed the
general features of the model, its development and input parameters, using it for the
modeling of the Cheatham Reservoir temperature and dissolved oxygen profiles.

The aim of this study is to investigate the stratification structure of a relatively clean
surface water body (Borabey Pond) and to determine how dissolved oxygen
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concentrations change spatially within the water body. The CE-QUAL-W2 model was
implemented, with the meteorological conditions an inflow and outflow quantities as
driving forces, to characterize mass transfer in the ponds thermal stratification structure
and modeling of the dissolved oxygen concentration. Furthermore, scenarios were
developed to forecast how the pond temperature will behave in the future in response to
changing pond volumes as a result of management practices and climatic influences.

Study site

The Borabey Pond is situated to the north of Eskisehir, in Northwestern Inner
Anatolia, Turkey. It is located in the foothills of the Bozdag mountain at an altitude of
924 m (the maximum water level of the pond). The earthen dam of the reservoir was
constructed in 1991-1992 to serve irrigation needs of a 2.48 km® farming area
(Hasanoglu, 2012). The location of the pond is given in Figure 1.

N39°53:6*
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Figure 1. Borabey Pond location in Turkey and measurement locations (red dots) during in
2013 and 2014
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The watershed area is 8583 km?. The pond is 200 m wide and 620 m long on average
with a maximum width of 350 m. The mean depth is 8.5 m with a maximum value of
18.8 m. The water level of the pond shows fluctuations due to changes in water inputs
and irrigation withdrawals. The minimum talveg elevation is 906 m above mean sea
level and the maximum water level is held fixed at 924 m via an outlet weir at this
elevation. The water source feeding the pond is a small creek which carries water in the
rainy season and dries up in summer. A pipe at 906.62 m within the pond near the dam
is used to release irrigation water to ditches downstream. The volume of the pond at

maximum level amounts to 1.6 million m>.

Materials and methods
Meteorological and limnological observations

The modeling period was chosen as the years of 2013 and 2014 and meteorological
data related to this period was obtained from a weather station (Davis Vantage Pro 2)
located at the shore of the pond. The meteorological time series at 15-min intervals
comprise of air temperature, dew point temperature, wind velocity, wind direction,
precipitation amount and solar radiation. Precipitation ranged within this period from a
low of 2 mm in July 2013 to a high of 97 mm in October 2013. Temperatures changed
between -10.8 °C in December 2013 to 36.1 °C in August 2014. Due to the presence of
missing values in February 2013, the model was run beginning in the 56™ day of 2013.

The pond stratifies in summer and overturns in spring and fall. In this respect the
pond is a monomictic water body. The epilimnion occurs at a mean depth of 7 m.
Periodic water temperature and dissolved oxygen measurements were conducted in the
Borabey Pond to determine the stratification structure and to calibrate and validate the
CE-QUAL-W2 model. The vertical temperature profile was determined with the
vertical profiler (Casaway-CTD) equipment while the dissolved oxygen measurements
were conducted using multi parameter meter (HACH HQ40d) with a LOD probe. The
measurements were taken at 1 m depth intervals and 46 temperature and 41 dissolved
oxygen profiles were generated. The measurements were primarily concentrated in the
deeper zones of the pond.

Statistics about temperature, dissolved oxygen measurements and water density
results as derived from measurements are displayed in Table 1. The locations of the
measurement points are shown in Figure 1.

The bathymetry of the pond was determined with Sontek M9 Aqoustic Doppler
Current Profiler. Because the pond shows varying densities along the depth, a correction
for this feature was applied using density results from Castaway CTD observations
(Goncti et al., 2014). The resulting bathymetric map is presented in Figure 2. The
measurements were processed with ArcGIS 10 to create the contours in Figure 2.
ArcGIS was also employed to determine the surface area and volume of the pond at
various depths.

The watershed of the pond is shown in Figure 3 with the subwatersheds. The areas
and other relevant data were provided by the ArcGIS software and ArcHydro module.
Subwatershed No.1 did not feed the pond in the 2013-2014 period as its waters were
derived to another pond nearby. Subwatersheds No.2 and No.3 also could not feed the
pond as the creeks emptying them were diverted for irrigation purposes. Thus, within
the simulation period only the remaining 3.24 km” of the watershed provided the pond
with water.
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Table 1. Descriptive statistics about dissolved oxygen, temperature observations and derived
water density results

Observation start date: 26.02.2013
Observation end date: 25.11.2014

Dissolved oxygen Temperature Density
mg/L °C kg/m’
n 556 1757 601
Min 0.05 2.58 997.48
P10 0.25 6.29 997.99
P25 4.63 8.80 998.83
P50 7.83 12.29 999.77
P75 9.39 18.68 1000.08
P90 11.07 21.87 1000.15
Max 11.92 23.93 1008.45
Std. dev. 3.62 5.78 1.35
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Figure 2. Borabey Pond bathymetric map
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Figure 3. Borabey Pond watershed and subwatersheds

Determination of RTRM index

The strength of the thermal stratification is obtained from the RTRM (Relative
Thermal Resistance to Mixing) index which is determined for consecutive depths. This
index was first introduced by Birge (1910). Becker et al. (2009), Branco et al. (2009)
and Alpaslan et al. (2012) named the index RWCS (Relative Water Column Stability)
and used it as such.

The index is determined by Equation 1 (Chimney et al., 2006).

W= Pz~ P (qu)
P4 = Ps

¥ stands for the RTRM index and is a dimensionless quantity. pz; and pz, are the water
densities at the respective depths z; and z, and are given in kg/m’. p, and ps are the
water densities at 4 and 5 °C, respectively (Chimney et al., 2006). The index is
determined at 1-m intervals. Values larger them 20 generally indicate the upper and
lower boundaries of the metalimnion. A cumulative RTRM index indicates the total
resistance of the thermal stratification to mixing (Kortmann et al., 1982).

Figure 4 displays the cumulative RTRM values at the deepest zone of the Borabey
Pond at monthly intervals during the 2013-2014 period calculated from density
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observations made by Castaway CTD. The figure displays clearly the monomictic
stratification pattern. The volumes of the epilimnion, metalimnion and hypolimnion
during stratification as obtained from the bathymetric calculations.
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Figure 4. Borabey Pond RTRM profile

Dissolved oxygen and temperature modeling

CE-QUAL-W2 is a 2-D (in the longitudinal and vertical dimensions)
hydrodynamical and water quality model. As it inherently assumes homogeneous
longitudinal cross-sections, it is more appropriate for long and narrow water bodies. The
model can be applied to streams, lakes, watersheds, estuaries and combinations of these
systems (Cole and Wells, 2013).

The CE-QUAL-W2 model can estimate water elevations, velocities, temperatures
and water quality concentrations. Quality constituents can be added or removed from
the model and combinations can also be handled. The model manages complex systems
comprising of different stream branches. The minimum data requirements are
bathymetry, inflows and outflows, meteorological time series and initial conditions
(Batick, 2011).

Temperature, as it is a primary factor for hydrodynamical and water quality
simulations, is required and cannot be left out. Water quality constituents include
inorganic solids, phytoplankton and epiphyton groups, CBOD, organic and nutrients
like phosphorus and nitrogen species (Batick, 2011). The model was tested in many
reservoirs for its capability of adequately representing the thermal stratification pattern
and simulating water quality and is widely used today (Cole and Tillman, 1999;
Deliman and Gerald, 2002; Bowen and Hieronymus, 2003; Colarusso et al., 2003; Kim
and Kim, 2006; Ha and Lee, 2007; Diogo et al., 2008; Zhang et al., 2008; Bonalumi et
al., 2012).

From the bathymetric data of the Borabey Pond the grid structure was obtained with
the use of the ArcGIS software. The finite difference grid structure is displayed in
Figure 5. Six segments were distinguished in the longitudinal direction with the
corresponding number of layers. Using the elevation-surface, area-volume relationships,
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the average width of every layer was obtained. A total of 80 layers each with a uniform
depth of 1 m was created and the correspondence of the grid structure with the actual
bathymetry was tested with the Nash-Sutcliffe efficiency index (NSE). An index of 0.99
was obtained for surface areas and 0.97 for volumes, thus indicating a very good grid
representation of the bathymetry.

= S

Figure 5. The finite difference grid structure of the Borabey Pond bathymetry

Therefore, inflow water quantities were estimated by comparing the watershed area
with the watershed area of a 5 km distant pond (The Keskin Pond) which shows similar
hydrological characteristics. So discharge values obtained for the Keskin Pond were
transferred to the Borabey Pond by the method of watershed drainage-area ratios
(Dayyani et al., 2003). So, for the year of 2013 and 2014, derived flow values were
constructed. The actual flow values for 2013 for the Borabey Pond were found to be in
good agreement with the corresponding derived flow values.

For the outflow quantities form the pond, the irrigation withdrawals were used. The
irrigation withdrawal quantities were not of daily resolution. To refine the resolution to
daily values, the crop patterns downstream of the pond were compared to the patterns in
the region and correlations were established between the amounts of water used for
irrigation in the region and regional crop patterns to be used to estimate the daily
amount withdrawn from the pond taking into consideration the watershed areal
differences, too.

As the input creek temperatures, the water temperatures measured at the place where
the creek enter the lake were utilized. From the temperature profiles obtained by the
CASTAWAY CDT profiler equipment, spline smoothing was used to find daily
temperatures. As the outlet water temperature, the temperature obtained from the
profiles at the depth of the outlet structure were utilized.

The water levels in the pond were measured at discrete times at a water level gage
during the 2013 and 2014 period. The interpolation to daily values was obtained by
Akima Spline Interpolation with the HydroClimATe software.

All meteorological time series (air temperature, dew point temperature, wind
velocity, wind direction, precipitation and solar radiation) were obtained from the
station at the pond with the exception of cloudiness for which the time series were
obtained from the Eskisehir Anadolu Airport Meteorological Station LTBY which is 9
km distant to the Borabey Pond.

Kaya (2013) measured, on a monthly basis, water quality parameters at the pond.
These included phosphate, ammonia, nitrite and nitrate. Algae concentrations were
calculated from Chlorophyll-a with a numerical approach. Labile and refractory
dissolved organic matter (L-DOM and R-DOM) and labile and refractory particulate
organic matter (L-POM and R-POM) were obtained from total organic carbon and algae
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concentrations (Cole and Tillman, 1999). February 26, 2013 was fixed as the starting
day of simulations and 15-min intervals were used in correspondence with
meteorological time series intervals.

Model calibration and validation

Data in the simulation year 2013 were used for calibration and data in 2014 for
validation. In the calibration of CE-QUAL-W2 model the water elevation is a key
parameter as it affects all the subsequent calculations. Therefore, the agreement between
observed and simulated water level is checked first. The levels are calibrated by
incrementally increasing or decreasing the input volumes (Devonis, 2011). The initial
agreement is displayed in Figure 6. The disagreement in 2014 was corrected with
calibration. The water level observations were obtained from readings at an established
gauging station in the pond. An NSE index of 0.97 was obtained after calibration.
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Figure 6. The Borabey Pond water level with and without calibration between 2013 and 2014

For the calibration of temperature, a sensitivity analysis for 8 parameters was
conducted. Default values were used as initial values and these were varied by £5%,
+10% and +15%. The model was thus run 56 times and absolute mean errors were
calculated between modeled and observed temperatures. Table 2 displays the results of
the sensitivity runs. From these, it was found that the most sensitive parameters were
EXH20, BETA, AFW, BFW and CFW as Table 3. The model was calibrated using
these parameters.

The change of solar radiation with depth is given in Equation 2:

H (z)=(1-p)H,e™ (Eq.2)

Here Hy(z) is the solar radiation at depth z, S the ratio of radiation absorbed by the
water surface (BETA in CE-QUAL-W2), Hy the incident radiation on the surface and 7

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1199-1219.
http://www.aloki.hu e ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_11991219
© 2018, ALOKI Kft., Budapest, Hungary



Hasanoglu — Goncii: Irrigation pond stratification structure determination and temperature - dissolved oxygen modeling using CE-
QUAL-W2
- 1208 -

the light extinction coefficient (EXH20). As BETA and EXH2O affect the heat transfer
in water bodies, they were calibrated together.

Table 2. Sensitivity analysis results for temperature calibration parameters

Variable| Description Unit 15% | -10% | -5% Iv’:’l’;‘j +5% | +10% | +15%
Solar Value| 0.38 | 0.41 | 043 | 0.45 | 047 | 050 | 0.52
BETA gadlingr? ;
a;"r‘; mn AME | 0.68 | 0.69 | 0.70 | 0.70 | 0.71 | 0.74 | 0.76
suriace ayer
Extinction 1 Value | 0.38 | 041 | 043 | 0.45 | 047 | 0.50 | 0.52
EXH2O0 |coefficient for m
pure water AME | 0.72 | 0.69 | 0.69 | 0.70 | 0.73 | 0.78 | 0.82
x| Longitudinal o Value | 0.03270.0347 | 0.0366 | 0.0385 | 0.0404 | 0.0424 | 0.0443
eddy viscosity AME | 070 | 070 | 070 | 070 | 0.70 | 0.70 | 0.70
Longitudinal L Value | 0.0327]0.0347|0.0366 | 0.0385 | 0.0404 | 0.0424 | 0.0443
DX eddy m’s’
diffusivity AME | 0.70 | 0.70 | 0.70 | 0.70 | 0.70 | 0.70 | 0.70
Sediment heat L, |Value| 026 | 027 | 029 | 0.30 | 0.32 | 033 | 035
CBHE exchange Wm™s’
coefficient AME | 0.71 | 0.70 | 0.70 | 0.70 | 0.70 | 0.70 | 0.70
a coefficient Value | 7.82 | 828 | 8.74 | 9.20 | 9.66 | 10.12 | 10.58
AFW in the V\(Iilnd W Hg'l
. Spele y AME | 0.70 | 0.68 | 0.68 | 0.70 | 0.74 | 0.79 | 0.85
ormulation
bcol(lefﬁc'ient B} | Value | 039 | 041 | 0.44 | 0.46 | 0.48 | 0.51 | 0.53
BFW int evsffimd VIVgln _rlr)lmtIfIg
. Spelet, $)CIW ' AME | 0.68 | 0.69 | 069 | 0.70 | 0.71 | 0.73 | 0.74
ormulation
¢ coefficient Value | 1.70 | 1.80 | 1.90 | 2.00 | 2.10 | 2.20 | 2.30
CFW in the vs:ilnd )
. Spele p AME | 0.68 | 0.68 | 0.68 | 0.70 | 0.74 | 0.80 | 0.89
ormulation

Table 3. Effects of parameter perturbation on model

Parameter perturbation
+5% +10% +15%
BETA 0.71 3.57 5.71
EXH20 2.86 6.43 7.14
AX 0.00 0.00 0.00
DX 0.00 0.00 0.00
CBHE 0.00 0.00 -0.71
AFW 4.29 7.86 10.71
BFW 1.43 2.86 4.29
CFW 4.29 8.57 15.00
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During calibration, EXH20 and BETA were varied concurrently and the least AME
was observed at an EXH20 value of 0.49 m™ and a BETA value of 0.29. AME was
reduced from 0.70 °C to 0.68 °C in this process. It was observed that BETA and
EXH20 reduced AME while the others increased it. In literature an AME range of 0.3-
0.9 °C is considered an adequate range and when the calibration was stopped the AME
was within this range and thus deemed adequate (Cole, 2000).

In dissolved oxygen calibration, the first step is the determination of sediment
oxygen demand (SOD) which varies between 0.1-1 gO»/m”.day (Cole and Wells, 2013).
The zero™ order SOD reaction rate was calibrated as 1 g0,/m’.day which gives the
minimum AME. This value lead to an AME of 1.12 mgO,/L in observation and
simulation comparisons.

There are different equations in the CE_QUAL-W2 manual which can be used to
calculate the relationship of the oxygen reaeration with wind velocity (Cole and Wells,
2013). These equations were tried and the equation which gives the minimum AME
value (1.18 mgO,/L) was chosen. In literature, AME values ranged between 0.58 and
1.25 mgO,/L. Thus the AME was deemed to be adequate. After calibration, the model
was run for the complete 2013-2014 period and the results for 2014 were used for
validation.

The validation results for 2014 show an AME of 0.86 °C for temperature and 1.18
mgQO,/L for dissolved oxygen. When the two-year period was considered, the AME for
temperature dropped to 0.77 °C and 1.09 mgO,/L for dissolved oxygen.

Results and discussion

The comparison of model results and observations for temperature profiles at the
sixth segment are displayed in Figure 7. As the correspondence of the two curves in
each profile shows, the model is capable of adequately representing the beginning and
ending times of stratification and the vertical profiles.
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Figure 7. Observation and model results for temperature
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The thermocline in the summer stratification begins, on the average, at 6 m below
water surface and reaches around 10 m. The change in water temperature in this region
amounts to 5 °C. The fall overturn is observed at the end of September (Figs. 7 and §).

The temperature profile also affects the distribution of the water quality constituents
in the water body. Due to the inhibition of oxygen transfer from the atmosphere by the
onset of stratification, the dissolved oxygen levels in the hypolimnion begin to decrease,
enhanced by oxidation of organic matter and nitrification.

Figure 8 shows the comparison of the vertical temperature profiles of both
simulation and observations. Figure 9 displays the same for dissolved oxygen. As the
figure implies, very low dissolved oxygen levels occur during stratification periods, as
expected, while in between (in the mixing period between fall 2013 and spring 2014)
the oxygen levels do not change appreciably in the vertical direction.

When the temperature and dissolved oxygen observations, calculated RTRM values
and model simulations are considered together, it is seen that the stratification sets on at
the end of April 2013 and continues till the end of August. In 2014 it begins in mid
April and ends likewise at the end of August. According to the RTRM results, the total
resistance to mixing is higher in 2013 than in 2014.

The absolute mean error (AME) between the temperature and dissolved oxygen
observations and modeled results obtained by the modeling study of the Borabey Pond
using the CE-QUAL-W2 model is on the average 0.77 °C for temperature and 1.09
mgO,/L for dissolved oxygen. These are reasonable values as indicated in literature
where ranges for temperature and dissolved oxygen are between 0.4-0.9 °C and 0.55-
1.25 mgO,/L, respectively (Cole and Wells, 2013).
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Figure 8. Temperature isopleths according to time (observation and model results)
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Figure 9. Dissolved oxygen isopleths according to time (observation and model results)

When the observations and simulations were compared for temperature, it was seen
that CE-QUAL-W2 modeled the temperature profiles quite consistently together with
the beginning and ending dates of stratification. For dissolved oxygen, the observations
and simulations agreed especially during the stratification period and also the depths at
which the dissolved oxygen levels begin to drop are established. However, the
beginning and ending dates of changes in oxygen levels due to stratification were not
captured adequately.

Figure 10 displays RTRM profiles, simulated temperature, and dissolved profiles
together for a specific date (July 23, 2013). At this date the AME for temperature was
0.56 C and 1.5 mgO,/L for dissolved oxygen. Based on the RTRM values the
metalimnion began 8 m below the surface. The temperature and dissolved oxygen
profiles also showed correspondingly the commencement of the metalimnion. Below
10 m, RTRM became less than 20 and the hypolimnion began and the profiles tended to
flatten as expected.

In both 2013 and 2014, during the stratification periods, the pond volume was
occupied by the hypolimnion, metalimnion and epilimnion by 20%, 20% and 60%,
respectively as shown in Table 4. These volumes were calculated with the utilization of
the water level — surface area — volume relationships after the determination of the
depths of the respective layers using the RTRM values for the days in which
observations were carried out.

This volumetric distribution is valid if yearly average volumes are taken into
consideration. When the stratification structure was examined, it was observed that the
thermal stratification commenced in the spring months with the increase in air
temperatures and the hypolimnion zone was relatively larger from May onwards
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(Fig. 12). Then the hypolimnion column decreased and was destroyed with the onset of
increasing wind velocities in autumn. In winter, lower temperatures were encountered in
the upper layers and higher temperatures at lower layers. A surficial stratification was
also observed in the winter months which however was insignificant as RTRM

calculations showed.
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Figure 10. July 23" 2013 observation, model and RTRM results

Table 4. Thermal stratification volumes in 2013 and 2014

Volume of zones Percentage of zones
2013 2014 2013 2014
Epilimnion, m’ 697226 645403 55 61
Metalimnion, m® 311529 234742 24 23
Hypolimnion, m’ 270180 162288 21 16
TOTAL, m’ 1278935 1046434 100 100

Scenarios

Six scenarios were created to determine how the volume of the pond will change in
the future in response to irrigation practice changes. Consequently CE-QUAL-W2 was
used to predict the response of temperature to these volume changes.
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The Borabey Pond outlet flow changes in accordance to changes in the use of the
water downstream. The fields below the dam outlet are sprinkler irrigated. In the
scenarios created, an alternative drip irrigation method was implemented. Shifting from
spray to drip irrigation leads to an average of 50% reduction in irrigation volumes
(Gilingdr and Goncti, 2013). This amount of reduction was incorporated into the
scenarios for drip irrigation.

The inflow into the pond changes according to meteorological forcing and seasonal
variations. Another factor is the derivation of upstream water to the nearby Keskin
Pond. In the scenarios, the input volumes into the pond change according to whether the
year is wet or dry. It was observed before, that there was much less inflow in 2014
compared to 2013. Thus 2014 was considered a dry year and 2013 a wet year. Wet (W)
and Dry (D) year sequences were created using the input volumes in the corresponding
2013 and 2014 years.

Table 5 displays the scenarios with the corresponding season types (W, D) and
irrigation practices (Spr. for sprinkler irrigation and Drp. for drip irrigation).

Table 5. Scenarios

. Years
Scenario 1
2013 2014 2015 2016 2017 2018 2019 2020
Season type W D D D D D D D
Irrigation method Spr. Spr. Spr. Spr. Spr. Spr. Spr. Spr.
. Years
Scenario 2
2013 2014 2015 2016 2017 2018 2019 2020
Season type W D D D D D D D
Irrigation method Spr. Spr. Drp. Drp. Drp. Drp. Drp. Drp.
Years
Scenario 3
2013 2014 2015 2016 2017 2018 2019 2020
Season type w D w W W w w w
Irrigation method Spr. Spr. Spr. Spr. Spr. Spr. Spr. Spr.
X Years
Scenario 4
2013 2014 2015 2016 2017 2018 2019 2020
Season type W D w D W D w D
Irrigation method Spr. Spr. Spr. Spr. Spr. Spr. Spr. Spr.
Years
Scenario 5
2013 2014 2015 2016 2017 2018 2019 2020
Season type W D w D W D w D
Irrigation method Spr. Spr. Drp. Drp. Drp. Drp. Drp. Drp.
Years
Scenario 6
2013 2014 2015 2016 2017 2018 2019 2020
Season type w D w \W \W w w w
Irrigation method Spr. Spr. Drp. Drp. Drp. Drp. Drp. Drp.

The model was implemented for each scenario with the inputs as given in Table 5
and run from 2014 to 2020. Figure 11 displays how the pond volume changed with
respect to scenarios.
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Figure 11. Pond volume and water level change with respect to scenarios

With the exception of scenarios 5 and 6, decreases in pond volumes were observed.
Only scenario 6 predicted increases in pond volume. Scenario 6 combined wet perios
with drip irrigation which led to water savings over a large volume. For scenarios 1 and
4 which combine sprinkler irrigation with dry periods/wet-dry sequences the pond
became almost dry.

Table 6 presents the outlet temperature changes in the pond according to scenarios.
For every scenario except the last one, temperature increases were predicted. Figure 12
displays the evolution of temperature for every scenario and corresponding linear
trends.

Table 6. Outlet water temperature according to scenarios

Scenarios Total temperature change Temperature change
(°C) in years (°C)/year
1 5.34 °Cin 4.9 years 1.08
2 6.05 °C in 7.9 years 0.86
3 5.35°Cin 7.9 years 0.68
4 3.34°Cin 7.1 years 0.47
5 0.21 °C in 7.8 years 0.03
6 -2.18 °Cin 5.2 years -0.42

The model simulations showed that the stratification pattern changed with decreasing
pond volume. In the first scenario, temperature fluctuations change from a range of 4-
14 °C to a range of 4-23 °C. The linear change was observed as 0.82 °C/year. As the
stratification pattern was destroyed due to decreasing volume, the pond temperature
became more affected by atmospheric conditions. The same was observed for scenario
4, especially when the water depth dropped to around 7 m.

On the other hand, though the periodic fluctuation range showed increases, scenarios
2 and 3 did not show the effects of atmospheric influences as the water depth did not
fall below 7 m. In scenario 5, there was a very small linear trend and the fluctuation
range did not change with time. In the last scenario, the water temperatures dropped and
the fluctuation range decreased in accordance with volume increases.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1199-1219.
http://www.aloki.hu e ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_11991219
© 2018, ALOKI Kft., Budapest, Hungary



Hasanoglu — Goncii: Irrigation pond stratification structure determination and temperature - dissolved oxygen modeling using CE-
QUAL-W2
- 1215 -

These findings imply that, if it is planned to obtain benefits from the Borabey Pond
for future years, the water withdrawals need to be reduced. Effective reductions can be
achieved by shifting to drip irrigation practices. However, even this may not be
sufficient to maintain desired water levels (Scenario 2). The transfer of water from the
Borabey watershed to the Keskin Pond must be stopped, at least for some months in a
dry year. Otherwise, a dry-up period of the pond in a dry weather sequence seems in
inevitable.
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Figure 12. Evolution of temperature for every scenario and corresponding linear trends

Conclusions and recommendations

In this modeling study, some problems were encountered which are prone to affect
model results. The input and output flows were not measured, but estimated based on
assumptions. This created uncertainties on the primary model inputs. The input and
output volumes which were estimated can also be more accurately found out using a
comprehensive watershed model. When such less biased results become available in the
future, the accuracy of this study can be assessed by changing the relevant pond input
and output values. Moreover, long-term constituent concentrations in the quality
constituents other than dissolved oxygen averages of observations were utilized for the
inflow concentrations and initial pond concentrations. These concentrations, especially
those that affect the oxygen depletion dynamics, need to be monitored more closely.

In the simulation of water temperature, the constituent concentrations affect the
absorption of light with depth and directly influence the light extinction coefficient
(EXH20). If constituent concentrations cannot be adequately modeled due to
uncertainties in the inputs, the light extinction coefficient will show uncertainties, to
which will increase errors in the temperature simulations. In order to reduce errors due
to constituent concentrations the absorption coefficients due to inorganic suspended
solids (EXSS), organic suspended solids (EXOM) and algae (EXA) were set to zero and
the light extinction coefficient was made depended only on water absorption of light.

The AME in temperature simulation was observed to be 0.77 °C if the light
extinction coefficient was only dependent on water absorption, but to rise to 1.12 °C
when the effects of the water quality constituents were taken into account. This stresses
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the importance of correctly representing the amounts of constituents related to carbon
and of algae and protozoa in the water body.

In the modeling of the dissolved oxygen levels, all the mathematical relationships
about the reaeration process were examined and it was found out that the different
relationships created different AME values. During the calibration period the AME
changed between 1.018 and 1.298 mg/L due to the different relationships. This shows
that the different mathematical formulations simulate the real world differently and this
fact should be taken into account during the modeling. More studies about the
applicability of a particular formulation to a particular environmental setting are needed
for better modeling of the behavior of dissolved oxygen during stratification.
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